This publication contains evaluated and estimated data on the kinetics of reactions involving methanol and hydroxymethyl radicals and various small inorganic and organic species which are of importance for the proper understanding of methanol combustion and pyrolysis. It is meant to be used in conjunction with the kinetic data given in an earlier publication pertaini.ng to methane pyrolysis and combustion, but which also contains a large volume of data that are applicable to the methanol system. The temperature range covered is 300-2500 K and the density range 1 X 10 16 to 1 X 10 21 molecules cm-3 •
Introduction

Scope
This is the second of a series of publications presenting evaluated chemical kinetic. data important for the detailed understanding of the combustion of organic compounds. Previouslyl, we dealt with the reactions of the most likely species present in methane combustion. We now add two new species, CH 3 0H and CH 2 0H, to this list and include the 41 reactions of these two compounds with the components involved in methane combustion and the reactions with each other. With the appropriate reactions in the earlier 1 data base we are now in a position to give a complete description of the chemistry of methanol combustion_ We have selected methanol as the frrst addition to our data base because of the interest in its use as an alternative fuel. As a result more new kinetic data have been reported 2 • There have also been attempts at modeling methanol decomposition systems 3 • Finally, because methanol is the simplest of the alcohols, many of the reactions are of use in understanding and modeling the oxidation and pyrolysis of other alcohols.
Our approach has been to be as inclusive as possible. Having decided on the important species, we consider all the ©1987 by the U.S. Secretary of Commerce on behalf of the United States. This copyright is assigned to the American Institute of Physics and the American Chemical Society. Reprints available from ACS; see Reprints List at back of issue. possible reactions of these species. Where experimental information is not available we give our best estimate. The absence of a recommended number implies that for all purposes the rate, constant is sufficiently small that it can be ignored. The reaction grid containing the reactions that we have evaluated in the past and the one presented in this evaluation can be found in Fig. 1 . In all cases we have given recommended values that cover the temperature range of 300-2500 K and the density range of 1 X 10 16 _1 X 10 21 molecules cm-3 •
Organization
The data are presented in the same fashion as in the earlier evaluation on methane combustion '. The information contained here is meant to be used in conjunction with that in our earlier publication. A more detailed presentation of what is contained in this introduction can be found there. This discussion contains the minimal information necessary for the use of the present data.
The data are presented in three sections. The ftrst contains a summary of the recommended rate expressions, the estimated error factors, and the page where a brief discussion can be found. The second section contains additional information on the individual reactions. It includes a summary of past work and the justification for the recommendations. The third section contains relevant thermodynamic and transport property data. 
Guide to Summary Table
The summary table contains all the recommended rate expressions, the uncertainty factors and the page where a more detailed discussion can be found. For unimo1ecu1ar processes or their reverse combination we give results in terms of th~ high pressure or low pressure limit and the departure from this limit in the form of the ratio k/kfl) or k/ko (where the subscript refers to the limiting high and low pressures) for 1 atm N2 or Ar.
Guide to Chemical Kinetic Data Tables
This section contains information on past work, our analysis of the data, rate expression recommendations, and uncertainty factors. We retain the numbering system that we use for the methane combustion system: to the twenty-five species that are labeled from 2 to 26 we now add 38 (methanol) and 39 (hydroxymethyl). The label 1 is reserved for unimolecular reactions. We are also reserving the labels 27-37 for the species of importance to NO x formation processes. Since pairs of these numbers form a particular reaction, we now consider reactions 38 (methanol) and 39 (hydroxymethyl) with all lower numbered species and of course with themselves. These sequence numbers are at the top left hand comer of all the data tables. This is followed by a statement of the ele-J. Phys. Chern. Ref. Data, Vol. 16, No.3, 1987 mentary reaction and, if applicable, the appropriate equilibrium constant.
In the next section is a synopsis of all previous work. It begins with a listing of the author(s) and the year of publication. In the case of a review, a note is made to this effect and in many cases this is used as a starting point for our efforts. This is followed by a synopsis of the reaction conditions, the derived rate expressions and the uncertainty limits. The latter are either given by the author or estimated by the reviewer on the basis of similar experiments. Most of the reactions are bimolecular and the units are cm 3 molecule-1 S-I. For unimolecular and termolecular reactions the units are S-1 and cm 6 molecule-2 S-I respectively. As an aid to the user in those cases where there are considerable experimental data we also include a plot in the Arrhenius form of the data and our recommendations.
The next section contains our recommendations and a brief discussion of our rationale. We have discussed our approach in detail in our earlier paper!. Here, we simply note that we have used BEB0 4 transition states to fit hydrogen abstraction data over the 300-2500 K temperature range of interest. This leads in general to a T2 -T' temperature dependence for the preexponential factor. Unimolecular reactions and related processes are pressure and species (weak co1liders) dependent as well as temperature dependent. We have applied standard RRKM s calculations to model the pressure and weak collider dependence. Unfortunately, the results could not be expressed in closed form. We have therefore presented the results in the form of a rate expression for either the high pressure or low pressure (strong collision) limit and two tables from which rate constants at reaction conditions can be obtained by interpolation. The choice of the appropriate rate expression was dictated by the closeness of the reaction to these limits under combustion conditions. The frrst table is the result of RRKM calculations on the basis of the strong collision assumption, with the collision partner being the reactant itself, and leads to values of k/koo or k/ko as a function of temperature and pressure. These values are essentially correction factors to the limiting high or low pressure rate constants. The second table gives the collision efficiency, {3(e) (on a per collision basis), as a function of step size down (energy removed per collision). The tabulated results are based on the relation of Troe 6 • At the present time there is controversy regarding the magnitude and temperature dependence of this quantity. We have thus cast it in this form so that users can employ their own step sizes. The values in both tables refer to the reactant itself as th~ \,;UlliU~I. In uruer Lu COJIVel-t these values to those for an arbitrary collider we follow the approach of Troe 6 and derive a correction factor, f3( c), which is based on the ratio of the collisional properties of reactant and collider. Multiplying this factor by the collision efficiency derived earlier leads to a total collision efficiency, f3(t)=f3(e) X 13 (c). j3(t) is then used to scale the reaction pressure in our table and thus obtain an effective pressure for determining the rate constant ratios.
We illustrate the situation by carrying out fall-off calculations for methanol decomposition in the case of a dilute methanol in argon mixture at 1500 K. As an aid to the user, the calculations are carried out to many more places than justified by the accuracy of the data. This should prevent any ambiguities. We begin by determining j3( c). This involves the calculation of a number of ratios. In the following, the numerator refers to the properties of the methanol-argon mixture, while the denominator refers to pure methanol itself. a) Ratio of reduced masses (R); for methanol and argon this number is 17.78(methanol-argon)/16(methanol- For the methanol-argon mixture with a 600 cm-1 step size down the collision efficiency on a per collision basis at 1500 K is, !3(e) = 0.082 (see 38,1). The total collision efficiency is then {3(t) = {3(c)Xj3(e) 0.082 X 0.849 =0.07. At 20 atmospheres or 1020 molecules/cm 3 this is equivalent to a density of 7X 10 18 molecules cm-3 • From Table A of 38,1 we then find k/koo =0.38.
Systems for which the low pressure rate expression is given require the same procedure except that the final bimolecular rate constant is now given by the expression j3(t)XkoX(k/ko). For chemical activation processes the rate expressions can be obtained in an analogous manner. In addition to the possible· pressure dependence of the total rate, the ratio of decomposition to stabilization is also of importance. Thus, in these cases we include a table giving this ratio as a function of temperature and pressure on the as~umption of strong collisions. Note that the procedure for correction for weak collision effects. in the chemical activation systems is an untested approximation. Fortunately, for the systems considered here, pressure effects are relatively unimportant.
In the course of carrying out the earlier evaluation 1 , we found that the data for unimolecular fall-off can generally be fitted, in the context of weak collisions, by step sizes of 50-100 cm -1 near room temperature and 500-800 cm -1 under higher tempel-ature combustion conditions (> 900 K). This was also borne out in the present study for methanol decomposition with argon as the weak collider. For strong colliders the situation is less clear, but the earlier existing datal suggest step sizes down in the 1000-2000 cm-1 range. As an additional aid to the user and to eliminate the need to interpolate in the tables for some cases, we also include recommendations for k/koo or k/ko values at 0.1, 1.0 and 10 atmospheres for N2 or Ar and the reactant itself (model for strong collider) in the higher temperature region. Finally, for each reaction we give the references used in the evaluation, the evaluator and the date. Hopefully, a11 the literature on this reaction previous to this date has been ac~essed. The author will be grateful to readers who will bring to his attention publications that have been inadvertently omitted.
Guide to Thermodynamic and Transport Tables
This section contains thermodynamic and transport properties of methanol and the hydroxymethyl radical. For the thermodynamic properties, the temperature range covered is from 300-1500 K. The properties tabulated include heat capacity, entropy, enthalpy of formation and Gibbs free energy of formation. In addition, we give a polynomial fit of the logarithm of the equilibrium constant of formation. The sources for this data can be found in a footnote. The transport properties are of use for evaluation of fall-off behavior. We therefore include the collision cross-section and the Lennard-Jones well depth.
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1.7. References to the Introduction 'w. R. F. Hampson, 1. Phys.Chem. Ref. Data 15, 1087 (1986) .
2See references in Data Tables. The results of Bowman lead to a step size down of 160 cm-1 and is incompatible with the other measurements. Fall-off behavior on a strong collision basis can be found in Table A . Collision efficiencies as a function of temperature and step size down can be found in Table B . Fall-off behavior at 0.1, 1.0 and 10 atm in argon and CH 3 0H over the range of 900-2500 K is as follows:
Index of Reactions and
where we have assumed a step size down of 500 cm-1 and 1000 cm-1 respectively.
The uncertainty in the rate constant is a factor of 2. Arrhenius plots of the rate constants kr for OH + CH 3 combination (in Argon), the reverse of Rn. 38,1, are given in Fig. 2 .
The values of kr were obtained from k 38 ,l and the equilibrium constants of Rn. 38,1. The numbers on the curves are the logarithms of the gas concentration in molec/cm 3 .
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Vandooren,
Van Tiggelen (1981) Aders (1973) Meagher, et al. Meier, et al. 300-1000 Meier, et al. 300- (1984 Meier, et al. 300- ,1985 [Ml/molecule cm-3 0.5-5x10 18 He, trace methanol.
(Laser induced fluorescence, mass. spec.) Hagele, et al. (1983) There are no data. We suggest for this reaction the following rate expressions: ka = 1.OxlO-llcm3molecule-ls-l and kb = 2.0xlO-12cm3molecule-ls-l with uncertainties of a factor of 5. Our estimates are based on measurements of C 2 H attack on CH 4 (21,10)-and C Z H 6 (21,11).
CW. Tsang, May 1985)
Conditions Reference should be much slower and will not be important under combustion conditions. CW. J. Assuming an A-factor of" 3.0x10-13cm3molecule-1s-1 we obtain the rate expression k(CH 3 0 Z + CH 3 0H ~ CH 3 00B + CBZOB)= 3.0x10-13exp(-6900/T)cm3molecule-1s-1
We estimate the uncertainty to be a factor of 1.3 at 600 K, increasing to a factor of 2 at 1000 K.
(W. Refexences Table B . The absolute rate is estimated to be Z.5xlO-1Z cm 3 molecule-1 s-1 , with an uncertainty factor of 3. This is based on the rate of l CHz insertion into the secondary CH2 bonds in C3HS' Under combustion conditions at 0.1, 1.0 and 10 atm, the predominant reaction is decomposition. . There is, however, also the possibility of a direct elimination to form C 2 H 4 + H 2 0. We are unable to assess the importance of this channel although we suspect that it will not make any larger contribution than a bond dissociation reaction. Note that the abstraction process (b) will yield the same products as decomposition. 
Coaments and Recaamendations
There are no data, All existing data on abstraction reactions of 3 CH2 are upper limits, For example, see 3CH2+H2 (26,2), 3 CH2 +CH 4 (26,10), 3 CH2 +C 2 H (26,11).
The energetics of the processes is very similar to that for CHg abstraction. We therefore suggest the use of our recOlll1lended values for CH 3 attack on methanol: There are no data. The values of the rate constant from the modelling of methanol pyrolysis are subject to large uncertainties. We have derived values of the rate constants using RRKM calculations and assuming a high pressure A-factor of 2.0x10 13 (characteristic of radical decomposition) at 500 K and an activation energy for the reverse process of 13 kJ. The second order rate expression for hydroxymethyl decomposition is then 7ST-2,Sexp(-1720S/T)cm3molecule-1s-1. Corrections to take into account pressure effects can be found in Table A . Collision efficiencies can be found in Table B . The rate expression for decomposition at 1 atm N Z and 900-2S00 K and with a step size down of SOO cm-1 is:
1.9x10 19 T-8 exp(-2164S/T) cm 3 mo1ecu1e-1 s-1 . The uncertainties are factors of 4.
OVer this temperature range, this expression should also be valid at 0.1 and 10 atm. There are no data. We estimate that the disproportionation reaction (a) will be 5omewha~ fa5~er ~han ~hat for C2H5TH (17,3), i.e., ka~1.0x10-11cm3molecule-15-1
with an uncertainty of a factor of 3. The addition process (b) is the main reaction. We estimate its rate constant to be 1.6x10-10cm3molecule-1s-1 with an uncertainty of a factor of 2. Calculations show that, because of the existence of an exothermic decomposition channel, the rate constant is virtually independent of pressure~ The branching ratio on the basis of strong collis10ns can be found in Table A . Collision efficiencies, as a function of step size down and temperature, can be found in Table B . In the pressure range of 0.1, 1 and 10 atms under higher temperature conditions decomposition is the predominant process. Here we assume 500 cm-1 for step size down for N2 and 1000 cm-1 as the step size down for CH 3 0H. This is based on the general trends established in our analysis in the Introduction. There are no data. We believe that disproportionation will be the predominant process and that it will favor the most exothermic channel. We estimate rate constants of 2.0x10-10cm3molecule-1s-1 for (a) and
3.0xl0-11cm3molecule-l~-1 for (b). The uncertainties are a factor of 3 for each process. (W. Tsang, May 1985) where we have assumed step sizes down of 500 em-1 and 1000 em-1 , respectively.
The results for argon should also be applicable for nitrogen.
For the disproportionation process, we estimate kb/ka ~ 0.2 with an uncertainty of a factor of 5. Thel:e l:ll:'" no del-a. TIl'" cumlJinat.ion rate must be very close to 2X10-11 cm 3 molecule-1 s-1 with an uncertainty of a factor of 2. Falloff behavior does not become important until temperatures are in excess of 1000 K. In view of the instability o~, ethyl and hydroxymethyl, the1r l1~et1mes at 1000 K Will be short and combination cannot be an important process. We estimate the rate constants of reactions (b) and (c) to be 4xl0-1Zcm3molecule-ls-l with an uncertainty of a factor of 5.
(w. Tsang, May 198~) There are no data. The large reaction exothermicity will lead to disproportionation products with a rate constant near collisional S.OxlO-11cm3molecule-1s-1, with an uncertainty of a factor of 2.5. The combination process. (b) will lead to a hot adduct, which will decompose under combustion conditions to give C3B5 and OB. The rate expression is 2.0x10-11cm3molecule-1s-1 with an uncertainty of a factor of 2.
cw. 39,20 CDzOB + C 2 Bz ... There are no data. The rates of addition should be close to those for the addiion of alkyl ~adieals ~o aeo~ylono. Tho major unoertainty io the relative importance of the reverse reaction as compared to 1-4 hydrogen shift reaction (b).
In view of the exothermicity of the latter, we believe it will be the major pro-OOBB and rooommend This is similar to that for alkyl radical addition to acetylene. There are no data.
Taking into account the very exothermic nature of reaction (a), we estimate k a (CH 2 0H + C 2 H ... C 2 H 2 + HCHO) = 6.0x10-11cm3molecule-1s-1. The second decompositions channel involves. combination followed by decomposition of the hot adduct. We estimate k b eCH 2 0H + C 2 H ... CaHS + OH) = 2.0x10-11 cm 3 molecu- There are no data. Under combustion conditions combination followed by rapid decomposition of the peroxide and 'OCH 2 0H will lead to the production of CHaO, OH and HCHO. We estimate the rate constant to be 2.0x10-11cm3molecule-1s-1 with an uncertainty of a factor of a. ew. There are no data. However, since 1CH2 is known to ~nsert extremely rapidly into C-H bonds, there can be no doubt that the product is an extremely hot adduct, which decomposes to acetaldehyde and a hydrogen atom. We suggest the use of a rate constant of 3.0x10-11cm3molecule-1s-1, with an uncertainty factor of 2. eW. 39,26 CH 2 0H + 3 CH2 .... C Z H 4 + OH (a) . There are no da~a. One oxpec~G Q £asb combinabion, wibh 0 robe consban~ of -4.0x10-11cm3molecule-ls-l, followed by decomposition of the adduct, since the reaction is highly exothermic. The uncertainty is a factor of 3. The disproportionation reaction may be considerably slower. We estimate a rate constant of 2.0xlO-12cm3molecule-ls-l with an uncertainty of a factor of 3. 
Transport Properties
Parameters in the Lennard-Jones Potential used to calculate transport properties pertinent to unimolecuiar reactions. (1977) .
